A new general model that describes the thermodynamic properties of MgCl 2 ͑aq͒ has been developed from a global fit to experimental results, including isopiestic molalities, vapor pressure measurements, freezing-point depressions, enthalpies of dilution, heat capacities, and densities, for this system. The model is based on a recent ion-interaction treatment with extended higher-order virial terms, and on experimental results from 240 to 627 K at pressures to 100 MPa and molalities to 25 mol•kg Ϫ1 .
The stoichiometric numbers of M and X ions in the electrolyte
Introduction
A knowledge of thermodynamic properties of aqueous solutions of magnesium chloride is of great interest from both theoretical and practical standpoints. MgCl 2 is a typical example of the 2Ϫ1 charge-type electrolyte and is an important component in many natural and industrial waters. Pressurized high-temperature waters containing dissolved magnesium chloride are encountered in the deep earth and ocean as well as in electric power plants where water of various degrees of purity is the heat transfer fluid. Understanding various geochemical processes and industrial problems requires a thorough knowledge of thermodynamic properties of aqueous electrolyte solutions including those of magnesium chloride. Recently, a Pitzer ion-interaction treatment of thermodynamic properties of aqueous solutions of MgCl 2 and other alkaline-earth metal chlorides has been made by Holmes et al. [1] [2] [3] from 255 to 523 K and to pressures of 100 MPa and molalities of 6.17 mol•kg Ϫ1 . The model gives an excellent representation of thermodynamic properties for these electrolyte solutions in the experimental temperature, pressure, and concentration ranges. Additional results of thermodynamic properties for MgCl 2 ͑aq͒ under extended experimental conditions are available. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Also, a very comprehensive set of high-temperature, high-pressure volumetric results has been reported 18 after the Holmes et al. 2, 3 work was published. Models that accurately describe the excess properties of aqueous electrolytes over wide ranges of temperature, pressure, and concentration are essential to an understanding of chemical processes under extreme 972 972 WANG, PITZER, AND SIMONSON conditions. It is therefore desirable to extend the model over the full temperature, pressure, and concentration ranges for which data are available. In this study, we developed a new general model for MgCl 2 ͑aq͒ solutions based on a recent ion-interaction treatment with extended higher-order virial terms. 19 The model represents experimental results at temperatures from approximately 240 to 627 K, pressures from the vapor pressure of the solution to 100 MPa, and molality to 25 mol•kg Ϫ1 . Comparisons were made for our model with the experimental data and with the model of Holmes et al. in the ranges where both models are applicable.
Thermodynamic Properties of MgCl 2 "aq…

Description of Equations
The Pitzer ion-interaction model 20 has been widely used to describe the thermodynamic properties of electrolyte solutions both for the isothermal or isobaric composition dependence of various thermodynamic functions and for global representation of these quantities over a range of temperatures and pressures. For representing thermodynamic properties of electrolyte solutions to higher concentrations, extended ion-interaction models have been used in a number of investigations. Filippov et al. 21 and Anstiss and Pitzer 22 used higher order virial-coefficient ͑to sixth order͒ terms, in addition to those for the binary and ternary ion interactions, and obtained satisfactory results for the treatment of activity and osmotic coefficients at 298 K in concentrated single and mixed electrolyte solutions. With these higher order terms, Ananthaswamy and Atkinson 23 fitted activity and osmotic coefficient data as well as thermal property results for CaCl 2 ͑aq͒ solutions over the temperature range from 273 to 373 K. Alternatively, Archer 24,25 extended the Pitzer model with an ionic strength-dependent third virial-coefficient term, and obtained good fits of the experimental results over the temperature range from 250 to 600 K at pressures to 100 MPa for NaCl͑aq͒ 25 and from 260 to 623 K to 150 MPa for NaBr͑aq͒ 24 solutions. Archer's extension of the Pitzer ioninteraction model has been used in the modeling of a number of other aqueous electrolyte solutions. 26, 27 Very recently, we have presented equations 19 with third, fourth, and higherorder virial coefficients as a function of ionic strength. Our equations have been very effective in representing the complex behaviors of MgCl 2 ͑aq͒ and of CaCl 2 ͑aq͒ to solid saturation at 298 K. The ionic strength-dependent formulation in our equations was selected such that at the third virial level, the only difference from the Archer term for the osmotic coefficient is the first power of I instead of I 1/2 in the exponential expressions. The expressions for Gibbs energy and the activity coefficient are more complex for the Archer term and progressively much more complex for the fourth and higher virials, but the corresponding expressions in our equations are relatively simple and retain the form of the secondvirial-coefficient level for all higher-order coefficients. The selection of such an ionic strength-dependent function has been discussed in detail in a separate paper. 19 In the present work, we adopted this new formulation of the Pitzer model, with two ionic strength-dependent terms in the third order coefficient ͑C (1) and C (2) ͒ and an ionic-strength-independent fourth-order term (D (0) ) to represent thermodynamic properties of the MgCl 2 ͑aq͒.
The Pitzer equation to the fourth order for the excess Gibbs free energy, G E , of the solution of an electrolyte M v M X v X can be written in general form as 1) , and D MX (2) are adjustable parameters ͑ion-interaction param-eters͒ that are dependent on temperature and pressure, M and X are the stoichiometric numbers of cations and anions formed upon dissociation, z M and z X are the charges of the cation and the anion, respectively, w w is the mass of water in kg, m is the molality of the electrolyte in solution, I is the ionic strength, and A is the Debye-Hückel parameter for the osmotic coefficient. The quantity b is a constant with the value 1.2 kg 1/2
•mol Ϫ1/2 . Values of ␣ B1 , ␣ C1 , and ␣ C2 were found to give the best global fit when chosen to be 2.0 kg 1/2
•mol Ϫ1/2 , 0.4 kg•mol Ϫ1 , and 0.28 kg•mol Ϫ1 , respectively. The ␤ (2) term was not needed so no ␣ B2 value was selected. An ionic strength-independent fourth-order term, D MX (0) , proved to be sufficient in representing the present database, so no ␣ D1 and ␣ D2 were needed. The Debye-Hückel coefficients used in the present work were calculated from the Archer and Wang dielectric-constant equation 28 and the Hill equation of state for water. 29 Appropriate differentiation of Eq. ͑1͒ leads to the osmotic coefficient, , the natural logarithm of the mean activity coefficient, ln ␥ Ϯ , the relative apparent molar enthalpy, L , the constant-pressure apparent molar heat capacity, C p, , and the apparent molar volume, V :
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where ϭ M ϩ X , A H , A J and A V are the Debye-Hückel coefficients for the apparent molar enthalpy, heat capacity, and volume, respectively, C p,2 0 and V 2 0 are the apparent molar heat capacity and volume, respectively, at infinite dilution, and
Literature Sources for Thermodynamic Properties
Sources of all of the experimental results used in this study for the global least-squares fit are listed in Table 1 . These results were chosen primarily on the basis of their coverage of wide ranges of temperature, pressure, or molality. Thus, in addition to the results 11-13,30-39,41,42,44- 10 and those of Gillespie et al. 11 and Simonson et al. 12 at temperatures greater than 523 K; and ͑4͒ heat capacity data of White et al. 13 for TϾ499 K. Additionally, freezing-point depression data of Rodebush 14 and those from the International Critical Tables of Numerical Data ͑ICT͒ 15 were also included, together with those of Gibbard and Gossmann, 42 to extend the model down to a temperature of approximately 240 K. Additional data that were considered in the data analysis also included vapor pressure results of Sako et al. 43 and Derby and Yngve, 16 isopiestic molalities of Kuschel and Seidel, 40 heat capacity results of Saluja et al., 57 and volumetric results of Romankiw and Chou, 65 Saluja et al. 57 and Pepinov et al. 17 For the correct application of the least-squares method, relative weights were assigned to each set of the experimental results to reflect their different variances. The assignment of the weight was based on the compatibility of one set of results with others, the thermodynamic consistency of the data with other properties, and the precision of experimental results as reported by the original investigator. The assigned relative weights are also given in Table 1 .
Temperature and Pressure Dependencies of the Ion-Interaction Parameters
In order to fit simultaneously all of the experimental results listed in Table 1 , equations describing the temperature and pressure dependence of the nonzero ion-interaction parameters, ␤ MX (0) , ␤ MX (1) , C MX (0) , C MX (1) , C MX (2) and D MX (0) , and V 2 0 , and C p,2 0 are needed. In the preliminary study of this system, the volumetric data were evaluated and were used to fit Eq. ͑18͒ at various temperatures and pressures. The osmotic coefficient, enthalpy, and heat capacity data were then corrected to a single pressure of 17.9 MPa in order to compare the thermodynamic properties at various pressures from different authors. Isothermal fitting of these properties at vari-974 974 WANG, PITZER, AND SIMONSON 56 1.0 975 975 THERMODYNAMIC PROPERTIES OF AQUEOUS CHLORIDE SOLUTIONS ous temperatures at this pressure gave a general indication of the temperature dependence of the ion-interaction parameters. However, the existing experimental volumetric data do not cover the entire temperature and concentration regions where other types of thermodynamic data are available. Therefore, corrections of the thermodynamic properties to a single pressure based on the volumetric fit may be subject to large uncertainties in the ranges where volumetric results do not exist. But these isothermal and isobaric fits in our initial investigation suggested the temperature and pressure dependent forms for the ion-interaction parameters and the apparent molar volumes and heat capacities at infinite dilution, on which our final global fit was based. The optimum forms for these equations are listed below, where T is in K and P in MPa. 2) , and D MX (0) , and
The expression for C p,2 0 follows readily from the relationship
Results of Data Analysis
The Overall Fit
The global least-squares regression, which determined the temperature-and pressure-independent parameters of the model equations, consists of fitting Eqs. ͑6͒ and ͑16͒-͑18͒ simultaneously to a total of 2259 experimental points of various types listed in Table 1 . Values of adjustable parameters for Eqs. ͑28͒-͑31͒ and ͑33͒-͑35͒ are listed in Table 2 , along with their associated standard errors. The standard deviations of the fit over the entire temperature, pressure, and concentration ranges were 1.12 kJ•mol Ϫ1 for the enthalpy of dilution, 34.0 J•mol Ϫ1
•K Ϫ1 for the apparent molar heat capacities, 0.030 for the osmotic coefficients, and 1.58 cm 3 •mol Ϫ1 for the apparent molar volumes; while those in the range of Tр524 K were 0.86 kJ•mol Ϫ1 , 20.0 J•mol Ϫ1
•K Ϫ1 , 0.028, and 0.64 cm 3 •mol Ϫ1 for the enthalpies of dilution, apparent molar heat capacities, osmotic coefficients, and apparent molar volumes, respectively. Table 3 summarizes the data regression for each type of experimental result at various temperature ranges. Calculated values of , ln ␥ Ϯ , L , C p, , and V based on Eqs. ͑6͒, ͑11͒, and ͑16͒-͑18͒ and parameters listed in Table 2 are given in Tables 4-8 , respectively, at the round molalities and at various temperatures and pressures. Figure 1 shows differences of the experimentally determined V from those calculated using the fitted equations at various temperatures and pressures. The only two sources of volumetric data at TϾ473 K are those of Obsil et al. 18 and of Pepinov et al. 17 Both data sets were measured to a pressure of 30 MPa. However, these two data sets are not consistent with each other. Values of V determined by Pepinov et al. 
Volumetric Results
Ϫ1.66310231Eϩ03 9.09209EϪ02 a Values following the parameters are the corresponding standard errors. 53 at 298 K are systematically higher than those of the others at this temperature. Similar cases were also found for the Ruskov 58 data to 348 K. These data were given a substantially reduced weight. The 298 K, 0.1 MPa values of V reported by Gates and Wood, 61 Dunn, 60 Lo Surdo et al., 62 Chen et al., 64 Romankiw and Chou, 65 and Perron et al. 54, 55 agree within 1%. These data were assigned the same weight in the fit. At higher pressures, the Gates and Wood 61 data differ by less than 4% from those of Chen et al. 64 at pressures from 10 to 40 MPa. They were equally weighted at these pressures. Ellis' data covers the intermediate temperature range from 323 to 473 K at a pressure of 2.03 MPa, and are in accordance with high-temperature, high-pressure data of Obsil et al. and were assigned the same weight as the Obsil et al. data. Obsil et al. data at mϽ0.1 mol•kg Ϫ1 are relatively scattered, and these data, together with their data at Tу573 K, were assigned a lower weight than their results at higher molalities. Thus, standard deviations of the fit for apparent molar volumes are 0.53 cm 3 •mol Ϫ1 for 273 KрTр298 K ( P ϭ0.1-100 MPa), 0.58 cm 3 •mol Ϫ1 for 298 KϽTϽ373 K ( Pϭ0.1-80 MPa), 1.26 cm 3 •mol Ϫ1 for 373 KрTϽ523 K ( Pϭ2 -30 MPa), 1.55 cm 3 •mol Ϫ1 at Tϭ573 K ( P ϭ10-30 MPa), and 6.07 cm 3 •mol Ϫ1 at Tϭ627 K ( P ϭ20-30 MPa).
Osmotic Coefficient Results
The osmotic coefficient results used in this study were obtained from three types of measurements. These are isopiestic molalities, vapor pressure decreases, and freezing-point depression.
Goldberg and Nuttall 66 and Rard and Miller 30 reviewed the activity and osmotic coefficient data at 298 K for MgCl 2 ͑aq͒. Rard and Miller also reported a comprehensive set of isopiestic molalities of MgCl 2 ͑aq͒ covering molalities to 5.9 mol•kg Ϫ1 . Above 2.5 mol•kg Ϫ1 , the Rard and Miller measurements give significantly higher osmotic coefficients than the earlier data of Stokes. 34 The difference probably arose from contamination with alkali chlorides in those earlier measurements. 30 The Rard and Miller values were adopted for the isopiestic ratios. These and other values from isopiestic measurements were recalculated using the more recent equations for the reference solutes: Archer 25 for NaCl͑aq͒, Clegg et al. 26 for H 2 SO 4 ͑aq͒, and Pitzer et al. 19 for CaCl 2 ͑aq͒. Below 2.5 mol•kg Ϫ1 , the Rard and Miller 30 and Goldberg and Nuttall 66 evaluations of osmotic coefficients from different sets of measurements are essentially the same. Only the values given large weights in these reviews are significantly weighted in our calculations. A few more recent measurements of Kuschel and Seidel 40 were also included. Earlier freezing-point data of Rodebush 14 and those from ICT 15 differ from those of Gibbard and Gossmann 42 by more than 0.03 in at 255 K and show a trend of increasing difference with decreasing temperature. Rodebush and ICT data were given reduced weight in the overall fit. Osmotic coefficients from these sources differ from the values calculated using the present model by 0.025 at 255 K, and this difference increases with decreasing temperature.
At higher temperatures, there are several important sets of osmotic coefficient data that go beyond 500 K and cover molality range to 25 mol•kg Ϫ1 including the isopiestic measurements of Holmes and Mesmer, 2 vapor pressure measurements of Liu and Lindsay, 4,5 Urusova and Valyashko, 6-8 and Emons et al. 9 In the Holmes et al. 2, 3 treatment of MgCl 2 ͑aq͒, the vapor pressure data were not included because those data either could not be fit with their model with an acceptable error of fit 2 or are beyond the upper molality limit of their study. Osmotic coefficients from vapor pressure measurements of Liu and Lindsay 4 and from isopiestic measurements of Holmes et al. 2 16 as calculated from their vapor pressure data were far off those obtained from other data sets in the corresponding temperature, pressure, and concentra- 
THERMODYNAMIC PROPERTIES OF AQUEOUS CHLORIDE SOLUTIONS
tion ranges, and were assigned zero weight in the fit. Figure 2 shows comparisons of the experimental and calculated osmotic coefficients at various temperatures from different sources. The fit is reasonably good and is within the experimental uncertainties. The standard deviations of the fit are 0.0078 for Tр298 K, 0.035 for 323 KрTр423 K, 0.031 for 423ϽTр524 K, and 0.049 for TϾ524 K.
At 298 K or lower temperatures, the present model shows systematic cyclic deviations which were not seen in our recent treatment of MgCl 2 ͑aq͒ and CaCl 2 ͑aq͒ systems exclusively at 298.15 K using the same equation. 19 This is due to the extension of the model to a wide temperature range. An improved representation of experimental results at low temperatures (Tр298 K) may be obtained if the parameters ␣ B1 , ␣ C1 , and ␣ C2 in the present model are chosen to be functions of temperature, but this will result in complex equations for the enthalpy and the heat capacity. The guiding consideration in the development of the present model was to treat all available results with an acceptable level of accuracy while retaining the simplest possible forms for the temperature, pressure, and composition dependence of all measured properties.
Enthalpy of Dilution Results
The calorimetric results from Simonson et al., 12 Wang et al., 10 Gillespie et al. 11 There are large uncertainties in the association constant for the ion pair MgCl ϩ at high temperatures, as will be discussed in Sec. 4.1, and any assumption of the association constants will lead to ambiguities in the calculated speciation. The effect of ion association on enthalpies of dilution is especially large in dilute solutions at high temperatures. Results below 0.1 mol•kg Ϫ1 were given lower weights. A few points from Simonson et al. at 573 K in 0.05 mol•kg Ϫ1 HCl were not included in the calculation because they are signifi- Ϫ271  Ϫ266  Ϫ258  Ϫ611  Ϫ587  Ϫ555  Ϫ1030  Ϫ948  Ϫ855  Ϫ3337  0.005  Ϫ259  Ϫ254  Ϫ247  Ϫ580  Ϫ556  Ϫ526  Ϫ965  Ϫ889  Ϫ803  Ϫ2947  0.01  Ϫ251  Ϫ247  Ϫ240  Ϫ559  Ϫ536  Ϫ506  Ϫ925  Ϫ852  Ϫ770 Ϫ2717
The unit of C p, is J
Values in italic are extrapolated above the molality range of experimental data.
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cantly less negative than the other results in the same range of molality, and the results could be affected significantly by ion pairing. Comparisons of the experimental and the calculated enthalpies of dilution from various sources are shown in Fig. 3 . Standard deviations of the fit are 0.27 kJ•mol Ϫ1 for T Ͻ373 K, 0.57 kJ•mol Ϫ1 for 373 KрTϽ523 K, and 1.26 kJ•mol Ϫ1 for Tу523 K.
Heat Capacity Results
The published heat capacity results cover temperature, pressure, and concentration ranges of 283-598 K, 0.1-17.9 MPa, and 0.01-6.2 mol•kg Ϫ1 , respectively. Results of Eigen and Wicke, 52 Ruskov, 58 Vasilev et al., 53 and Fedyainov et al. 51 were assigned lower weights due to the inconsistency with other results under the corresponding conditions, especially for mϽ1 mol•kg Ϫ1 . Points at mϽ0.1 mol•kg Ϫ1 from the White et al. 13 data set were also given lower weights due to the large scattering. Figure 4 shows the deviation plots for the heat capacity results at various temperatures and pressures as a function of m 1/2 . Standard deviations of the fit are 23 J•mol Ϫ1
•K Ϫ1 for Tр298 K, 15 J•mol Ϫ1 •K Ϫ1 for 298 K ϽTр373 K, 18 J•mol Ϫ1
•K Ϫ1 for 373 KϽTр500 K, and 64 J•mol Ϫ1
•K Ϫ1 for TϾ500 K.
Comparison with Holmes et al. Model
As the calculated values of thermodynamic properties agree reasonably well with experimental results ͑Figs. 1-4͒, it is interesting to compare the calculated values from the model presented in this work with those from the Holmes et al. model. 1, 2 Figures 5 and 6 show the calculated and ln ␥ Ϯ of MgCl 2 ͑aq͒, respectively, at various temperatures at saturation pressure as a function of m 1/2 . The agreement between values calculated from the two models is good for the osmotic coefficients. Constant differences in ln ␥ Ϯ calculated from the two models are observed at 473 and 523 K at molalities to 6 mol•kg Ϫ1 . The present model and that of Holmes et al. are based on essentially the same set of experimental results in this temperature range. However, the available osmotic coefficient data at these temperatures do not extend to sufficiently low molalities to permit unambiguous calculation of ln ␥ Ϯ through Gibbs-Duhem integration, and the relation between ln ␥ Ϯ and is therefore dependent to a degree on the temperature-integrated treatment of the dilution enthalpy results. The combination of additional emphasis on an accurate fit of the available dilution enthalpies at low molalities and assumed similarity of the behavior of MgCl 2 ͑aq͒ and CaCl 2 ͑aq͒ led Holmes et al. to introduce a term in ␤ (2) which gives rise to the differences observed in ln ␥ Ϯ between their work and the present model. This term also has a significant effect on the extrapolation of L values to infinite dilution at high temperatures; this point will be discussed below in more detail. Further data of high precision at low molalities are needed to resolve fully the differences between the representations. Figures 7-9 show the calculated L , C p, , and V , respectively, as functions of m 1/2 at various temperatures and 
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in the very dilute region, the extrapolated L values for HCl͑aq͒ calculated using the ␤ (2) model have a much less steep dependence on molality compared with those calculated using speciation models, and that ion-association con-stants calculated from the ␤ (2) model are smaller than the corresponding quantities in the speciation models. The trend in Fig. 7 for L is therefore expected. 
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ducing a ␤ (2) parameter based on the ion-association constant for CaCl ϩ as extrapolated from Frantz and Marshall, 68 while our model simplified the treatment by assuming no ion association of Mg 2ϩ with Cl Ϫ . Since enthalpy of dilution data are not available at molalities below 0.01 mol•kg Ϫ1 at Tу523 K, and the ion-association constant for MgCl ϩ is not well known at high temperatures due to complications arising from hydrolysis of Mg 2ϩ ͑aq͒, determination of reliable values of L in the dilute solutions, although needed, is beyond the scope of the present database.
Discussion
Uncertainties in Ion Association and Hydrolysis Constants
Ion association and hydrolysis in MgCl 2 ͑aq͒ solutions have been reported by a number of investigators at temperatures greater than 523 K. Gillespie et al. 11 reported values of K(MgCl ϩ ) from 523 to 598 K from their measurements of enthalpy of dilution of MgCl 2 ͑aq͒ and enthalpy of mixing of MgCl 2 ͑aq͒ with HCl͑aq͒ at 10-13 MPa by a nonlinear leastsquares analysis. It has been pointed out 27 18 also derived values of K(MgCl ϩ ) from 369 to 573 K, which seem to be consistent with those of Gillespie et al. However, their K values were obtained based on the assumption that the activity coefficient of the MgCl ϩ ion pair is the same as that of NaCl, and the mean-activity coefficient of MgCl 2 in their calculation was obtained from the earlier isopiestic data of Holmes et al. 69 which were questioned by Emons et al. 9 and were superseded by later work. 2 Hydrolysis of Mg 2ϩ ion in high-temperature aqueous solutions has been studied by Walther 71 from 573 to 873 K and hydrolysis constants were determined from their solubility measurements. It was indicated that MgOH ϩ ion is dominant over Mg 2ϩ at TϾ633 K at 100 MPa. Brown et al. 72 used potentiometric titration in a study of hydrolysis of Mg 2ϩ from 333 to 473 K and determined formation constants of Mg͑OH͒ 2 ͑s͒ in 0.1 and 1.0 mol•kg Ϫ1 NaCl media. Palmer and Wesolowski 73 also made potentiometric measurements and derived values for the first hydrolysis constants of the Mg 2ϩ ion from 273 to 523 K. Using the hydrolysis constants obtained in their own study and those reported by Walther at higher temperatures and pressures, Palmer and Wesolowski obtained an equation representing K(MgOH ϩ ) to 823 K with the uncertainty being claimed to be 0.5 log units.
The thermodynamics of MgCl 2 ͑aq͒ solutions at high temperatures are challenging due to the simultaneous existence of ion association and hydrolysis of Mg 2ϩ . It has been pointed out 70 that the ion-association constants obtained without considering the hydrolysis of Mg 2ϩ need to be modified to take account of MgOH ϩ . This appears to be the same in the reversal case, i.e., the hydrolysis constants derived without taking account of ion pairing at elevated temperatures need to be re-evaluated.
In the initial stage of this study, we introduced the parameter ␤ (2) to account for ion association in the dilute region at high temperatures. 20 However, inclusion of this parameter did not seem to improve significantly the results of our global fit including those in the relatively dilute range at high temperatures (TϾ523 K), such as the enthalpy of dilution results of Simonson et al. 12 The dilution enthalpy measurements of Simonson et al. 12 in 0.02 mol•kg Ϫ1 HCl solution are essentially consistent with the assumption of complete dissociation of MgCl 2 , extending to low molalities. However, their further results in more concentrated acid solution ͑0.05 mol•kg Ϫ1 HCl͒ show a marked departure which is not consistent with a simple mixing effect. Two effects, both arising from ion pairing, contribute to the observed enthalpies of dilution in these mixed solutions. Hydrochloric acid, which is known to associate relatively strongly at high temperatures, 67 becomes increasingly ion paired as the diluent stream is mixed with the MgCl 2 stock solution. This effect is endothermic, and effectively decreases the observed ͑exothermic͒ enthalpy of dilution. Concurrently, MgCl ϩ ion pairs in the MgCl 2 ͑aq͒ stock solution tend to dissociate on dilution, adding a potentially significant exothermic enthalpy of dissociation to the observed dilution enthalpy. In the case of the experiments in 0.02 mol•kg Ϫ1 HCl the effects essentially cancel, and the results are apparently consistent with complete dissociation of all solutes. However, in the more concentrated acid solutions the contribution to the observed enthalpy from the association of HCl is larger than that for dissociation of MgCl ϩ , and the net result is an apparent shift in the enthalpy of dilution toward less negative values for a given dilution. Quantitative representation of these competing effects requires the application of a fully speciated model for the mixed electrolyte ͕MgCl 2 ϩHCl͖͑aq͒ which is beyond the scope of the available experimental results. Using any assumed association constants to explicitly express the ion association could result in unnecessary complexity introduced by the assumption of additional species of ambiguous molalities; therefore we prefer to use an alternate and simpler description of the thermodynamic properties. The model presented here thus represents a workable approximation for the behavior of these solutions at high temperatures which represents the widest set of available results with minimal assumptions concerning the speciation of the solutes in solution.
Relationship to Solid Properties
The properties of MgCl 2 hydrates, MgCl 2 •nH 2 O, in equilibrium with saturated solutions are related through the activities of MgCl 2 and of H 2 O at saturation molalities by Eq. ͑36͒.
where ⌬G 0 is the Gibbs free energy change for the dissolution reaction
where m M and m X represent molalities of the cation and anion, respectively, in saturated solution, and a w is the activity of water. The calculation for MgCl 2 •6H 2 O at 298.15 K is given by Cox et al. 74 Substitution of our present values for the activity and osmotic coefficients would make no significant change. But even at 298. 15 
Acknowledgments
